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Abstract 
Emerging evidence suggests that exposure to microbial diversity and key species (Old 
Friends) from biodiverse, natural environments may provide critical immune training and 
regulation. Conversely, reduced contact with the right kind of environmental microbial 
communities (microbiota) and their genetic material (microbiomes) may contribute to the 
modern growth in immunoregulatory disorders with potential to impact both infectious and 
non-communicable diseases. 
However, possible connections between biodiversity, environmental microbiomes and 
human health remain understudied due to their multidisciplinary nature. There is limited 
knowledge of the composition, modes of action, and environmental distribution of Old 
Friends. We do not know if it is microbial diversity per se, key species, or a combination of 
both, that may have protective effects. Yet, importantly, the environment-host microbiota 
pathway offers promise for cost-effective population health interventions (e.g. through 
restoring biodiverse green space in cities) at a time when health care systems around the 
world are seeing unsustainable growth in utilisation and budget demands. Therefore, a 
primary goal of this thesis was to build knowledge of potential connections, with a view to 
informing policy. Specifically, the aims were to: 
1. Test whether the notion of beneficial biodiversity-health relationships are 
supported in existing Australia-wide datasets 
2. Examine what types or attributes of environments might be most associated with 
health benefits, to focus more detailed study 
3. Identify microbial taxa that associate with natural vs. degraded environments and 
potential links to human health 
4. Gather controlled experimental evidence of microbiota transfer from biodiverse 
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I employed multidisciplinary methods reflecting the nature of the research topic. From 
continent-wide environmental mapping and hospital admission datasets, I found that 
landscape-scale measures of biodiversity correlated with reduced rates of respiratory disease 
and ranked highly among known predictors. Also, I found that populations living near soils 
with high cation exchange capacity—a proxy for soil microbial diversity—experienced lower 
rates of infectious and parasitic disease. 
I developed a new merged-sample bootstrap resampling technique enabling deep 
analysis of soil bacterial 16S rRNA microbiome data from a grassy woodland restoration 
chronosequence, from which key indicator groups were identified. Human-associated 
opportunistic and pathogen-containing taxa were found to be favoured in disturbed 
environments, yet reduced in mature, biodiverse environments. 
Finally, in a randomised controlled experiment with mice exposed to airborne dust 
from soil spanning a biodiversity gradient, I found changes to gut microbiota and reduced 
anxiety-like behaviour in females corresponding to the high biodiversity treatment. Among 
bacterial taxa that increased in the gut of high treatment mice, I identified a putative spore-
forming, anaerobic environmental microbe capable of producing a key metabolite, butyrate, 
linked to mammalian gut health and mental health.  
These findings suggest naturally-diverse soil microbial communities may provide a 
health protecting role due to: ecological controls on potential opportunistic pathogens, 
increased immunomodulatory microbial diversity, and enhanced capacity to support 
beneficial key species and metabolite production pathways, for example via the gut-brain-
microbiome axis. Implications of this work include opportunities to improve public health 
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Chapter 1. Introduction 
Thesis structure 
The body of this thesis comprises five papers that have either been published or submitted for 
publication. They are presented as the published version or in the format of the relevant 
journal, preceded by a title page and statement of authorship. Supplementary information is 
provided at the end of each chapter where relevant. 
Here in Chapter 1, I outline the composition of my thesis on the topic of ‘Biodiversity, 
environmental microbiomes and human health’. I present the aims of my research, provide 
background knowledge in the form of a literature review (see later this chapter), and briefly 
summarise the contents and flow of ideas for each of the subsequent chapters. Following the 
literature review, I present two environmental epidemiology studies (Chapter 2 and 3) which 
strengthen support for my hypotheses and provide focus for more detailed investigation. 
Detailed environment-microbiome relationships are then examined in Chapter 4 before 
culminating in an experimental approach to test my hypothesis in a randomized controlled 
mouse study (Chapter 5). The mouse study was designed to examine potential mechanistic 
links suggested and informed by the preceding work. Lastly, Chapter 6 presents a synthesis of 
my work, including highlighting key developments in methods and knowledge, discussing 
limitations of the approaches taken and identifying areas for future research. I also make 
recommendations and discuss implications from the work. 
The literature review has been published in BioScience and starts by introducing the 
key ideas of the Biodiversity hypothesis (von Hertzen et al., 2011) and Old Friends 
mechanism (Rook, 2013). Briefly, emerging evidence suggests that exposure to microbial 
diversity and perhaps key species (Old Friends) from biodiverse, natural environments may 
provide critical immune system training and regulation. Conversely, reduced contact with the 
right kind of environmental microbial communities (microbiota) and their genetic material 
Chapter 1. Introduction 
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(microbiomes) may contribute to the modern growth in immunoregulatory disorders with 
potential to impact both infectious and non-communicable diseases. However, possible 
connections between biodiversity, environmental microbiomes and human health remain 
understudied due to their multidisciplinary nature. There is limited knowledge of the 
composition, modes of action, and environmental distribution of Old Friends. We do not 
know if it is microbial diversity per se, key species, or a combination of both, that may 
provide a protective effect for human health. Yet, importantly, the environment-host 
microbiota pathway offers promise for cost-effective population health interventions (e.g. 
through restoring biodiverse green space in cities) at a time when health care systems around 
the world are seeing unsustainable growth in utilisation and budget demands. 
In the review, we set out a list of important research questions, reflecting existing 
knowledge gaps. These are listed below in an order that reflects the progress of my research: 
a) Is landscape-scale biodiversity associated with human health outcomes? 
b) Are different types, or conditions (qualities), of environment potentially more 
beneficial than others? 
c) How might protective environmental influences compare with recognized drivers 
of human health such as socioeconomic status, diet, and lifestyle risk factors? 
d) Can we identify and prioritize particular environment (or environmental change) 
and health associations to target subsequent detailed research? 
e) What are the effects of macro- to landscape-scale environmental change and 
biodiversity loss on environmental microbiota? 
f) Can we characterise environments through their microbiota? 
g) Under what circumstances might environmental microbiota (or other microscale 
bioactive agents) be associated with health benefits? 
Chapter 1. Introduction 
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The review also advocated the use of environmental proxies as a pragmatic investigation tool 
to express the multi-faceted nature of environments in order to investigate potential 
environment-health relationships among other known predictors. In this publication we 
suggested that soils have been under-represented in studies to-date as a source of potentially 
beneficial immunomodulatory environmental microbial diversity. Also, we proposed a 
unification of the biodiversity hypothesis and Old Friends mechanism. That is, key species 
might be expected to play an optimum role when complemented by a diverse community with 
greater capacity to maintain ecological control of potential pathogenic behaviour. 
The research gaps and questions flagged in the review established the direction and 
focus for my thesis. Questions a), b) and c) were investigated in Chapters 2 and 3. The 
findings from Chapters 2 and 3, informed my response to question d). That is, I identified that 
further examination of the potential health impacts from exposure to biodiversity and soils, or 
more specifically biodiverse vs. non-biodiverse soils, was warranted—which led to the 
formulation of the study in Chapter 5. Questions e) and f) were investigated in Chapter 4. 
Question g) is broad and flagged our interest to better understand potential mechanistic links 
between environments, environmental microbiota and health outcomes. As my research was 
indicating a possible beneficial influence from biodiverse soils, testing for such a link via 
passive environmental exposure became a focus for designing the experiment in Chapter 5. 
Chapter 2 is a paper published in The Journal of Environmental Management that, in 
essence, establishes a competition between a large number of candidate variables (including 
measures of landscape biodiversity) to prove their value as a predictor of respiratory health. I 
used least absolute shrinkage and selection operator (LASSO) penalised regression, a tool 
designed to select key variables, while discarding less important and correlated variables. I 
also quantified uncertainty by performing the modelling within a 10-fold resampling and 
cross-validation framework. In the results, predictors could be readily identified and ranked 
for comparison of effect size with other variables, from the size and sign of standardised 
Chapter 1. Introduction 
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regression coefficients. We observed the variable ‘diversity of mapped vegetation classes’ 
was associated with improved respiratory health and ranked highly among known health 
predictors such as socio-economic status. 
Chapter 3 is a paper published in Science of the Total Environment. In this work, I 
found that populations living near soils with high soil cation exchange capacity (CEC)—a proxy 
for potential immunomodulatory soil microbial diversity—experienced lower rates of infectious 
and parasitic disease. Populations living near higher CEC soils also experienced reduced health 
inequality that might otherwise be expected for low socioeconomic groups. The findings from 
Chapters 2 and 3 supported the contention that exposure to biodiverse environments, and in 
particular biodiverse soils, is associated with health benefits. 
Chapter 4 is a paper published in Environment International. This study explores the 
use of genus-level bacterial indicators from a chronosequence of ecological restoration (i.e. 
cleared land > revegetation > reference / remnant native vegetation) to inform ecosystem 
assessment and potential implications for human health. I developed a novel method—termed 
merged-sample bootstrap resampling—to re-analyse soil bacterial 16S rRNA microbiome 
data from a grassy woodland restoration study (Gellie et al. 2017). The new analysis method 
provided a deeper view of the available microbiome data than has previously been possible 
using conventional rarefying techniques (used to normalise sampling effort). I was able to 
identify key bacterial indicator groups of 'opportunistic' taxa that decreased with ecological 
restoration, and 'niche-adapted' taxa that increased. These diverging indicator groups also 
showed consistent differential abundance patterns across a comparative set of natural vs. 
human-altered soil samples from elsewhere across Australia. A number of human-associated 
opportunistic and pathogen-containing taxa were also found to be favoured in disturbed 
environments, yet reduced in mature, biodiverse environments. From this I theorised that 
ecological restoration—or restoring more biodiverse and natural ecosystems—may benefit 
human health through reducing exposure to potential pathogens. 
Chapter 1. Introduction 
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Then in Chapter 5, presented as a manuscript submitted to Proceedings of the Royal 
Society B, I tested the role of environmental microbiomes as a causative linkage mechanism 
that may be underpinning the type of beneficial health associations as found in my earlier 
studies. Leading a project team, I undertook a randomised controlled mouse model 
experiment in the laboratory. Mice were exposed to airborne dust from high biodiversity soil, 
low biodiversity soil, or no soil (control). By monitoring changes in caecal and faecal 
microbiomes with time, and by carrying out behavioural experiments at the endpoint, we 
found significant changes to gut microbiota and reduced anxiety-like behaviour in females in 
the high biodiversity treatment. Among bacterial taxa that increased in the gut of high 
biodiversity treatment mice, I identified a putative spore-forming, anaerobic environmental 
microbe capable of producing a key metabolite, butyrate, which is associated with both gut 
health and mental health in humans. These findings provide experimental evidence supporting 
the hypothesis that environmental microbes can provide a mechanistic link between exposure 
to biodiverse environments and beneficial health outcomes. 
In my conclusion, Chapter 6, I reflect on the contribution that Chapters 1 to 5 have 
made to available knowledge and methods in this emerging field of multidisciplinary 
research. I also discuss problems and limitations encountered, highlight areas worthy of future 
research, make recommendations and discuss the implications arising from the synthesis of 
evidence contributed by my work. 
 
Thesis aims and objectives 
The primary aim of my thesis was to assess support and build evidence for proposed 
beneficial connections between biodiversity, environmental microbiomes and human health. 
In the event that support and evidence could be found, the secondary aim was to synthesise 
these findings to build on the knowledge base and inform policy that may underpin cost-
Chapter 1. Introduction 
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effective public health interventions with concurrent benefits for biodiversity conservation 
and restoration. 
From these aims a series of more specific objectives were developed: 
1. Evaluate support for beneficial biodiversity, environmental microbiome, and human 
health connections in existing national datasets. 
2. From environmental epidemiology studies (above), provide direction to guide more 
detailed study of possible sources and mechanisms. 
This work pointed to the potential beneficial immunomodulatory influence of 
biodiverse soils, which informed further objectives: 
3. Determine if environments can be characterised by their soil microbiota, and if 
environmental-soil-microbiota patterns exist, what implications they have for human 
health? 
4. Examine experimentally the potential transfer of ambient airborne soil environmental 
microbiota to host microbiota, evidence of health outcomes, and potential mechanistic 
agents. 
Chapter 1. Introduction – Literature review 
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Abstract 
Human populations are losing contact with nature. Yet, growing epidemiological evidence 
links natural green space exposure with a range of health benefits, including for mental health. 
Indeed, greater urbanisation associates with increased risk of mental health disorders. 
Microbiomes are proposed as an important but understudied link that may help explain many 
beneficial natural green space-human health associations. However, there remains a lack of 
controlled experimental evidence testing possible beneficial effects from passive exposure to 
natural biodiversity via airborne microbes. Previous mouse model studies have used 
unrealistic environmental microbial exposures—including excessive soil and organic matter 
contact, feed supplements and injections—to demonstrate host microbiota, immune 
biomarker, and behavioural changes. Here we show changes to mouse gut microbiota and 
reduced anxiety-like behaviour in female mice due to trace-level dust exposures from high vs. 
low biodiversity soils vs. no soil (control). We provide evidence of a potential beneficial 
mechanistic link between natural biodiversity, gut health and mental health, via soil-derived 
butyrate-producing bacteria. These bacteria increased with high biodiversity treatments and 
appeared to moderate anxiety-like behaviour in female mice. Our results will have 
implications for cost-effective population health interventions through microbiome-conscious 
green space design, and the potential mainstreaming of biodiversity into health care. 
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1. Introduction 
The influence of environmental microbial communities (microbiotas) and associated genetic 
material (microbiomes) on human health represents an important knowledge gap with 
potentially far-reaching implications for cost-effective public health interventions, and the 
management, design and use of our natural and built environments [1, 2]. Environments are a 
key factor in shaping our human (e.g., skin, airway, gut) microbiota [3] and immune system 
[4], particularly from an early age [5]. Gut microbiota are connected to mammalian health and 
disease at distant body locations (e.g., via immune signalling) [6], and also influence brain 
development and behaviour [7]. Because ambient airborne environmental microbiota may 
interact with and supplement our gut microbiota [2, 8], differing environments and their 
characteristic microbiota (e.g., [9]) have potential to influence neurodevelopment and mental 
health via the bidirectional brain-gut-microbiome axis [10]. 
It is important to build knowledge of possible mechanisms that may underpin 
associations found between green space exposure and mental health (e.g., [11-16]), given the 
rapid rates of global urbanisation [17]. Beyond mental health, the diversity of health benefits 
associated with nature contact suggests that a broad, nonspecific physiological pathway of 
action, a multiplicity of pathways, or a combination of these, may be present [18]. Due to 
their ubiquitous and immunomodulatory nature, environmental microbiota are suggested to be 
part of the causal connection [1, 2], and offer promise for cost-effective solutions [19, 20], to 
the rapidly increasing prevalence of many modern diseases. Indeed, health benefits from 
nature contact, biodiversity and microbial diversity exposures have been found in humans 
[21-23] and animal models [24-26]. However, support for a tangible biological link between 
nature contact and mental health is limited [27-29].  
In particular, there is little controlled experimental evidence testing for changes in host 
gut microbiota and mental health outcomes from normal passive exposure to ambient natural 
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biodiversity. Previous studies have used unrealistic environmental microbiota exposures—
including excessive soil and organic matter contact (e.g., ~30-50 g.mouse-1.week-1 [24, 30]; 
electronic supplementary material, Supplementary Methods), forced feeding [25] and 
injections [26]—to demonstrate changes in host microbiota, immune biomarkers, and anxiety-
related behaviour. 
Here we sought evidence of potential mechanistic links between passive exposure to 
ambient natural biodiversity, environmental and gut microbiota, and the intriguing outcome of 
mental health. Specifically, we tested the hypothesis that varying airborne microbial 
exposures, spanning a gradient from low to high natural biodiversity, may have differential 
impact on the gut microbiome and anxiety-like behaviour in mice. To achieve this, we ran a 
randomised controlled study in mice subjected to trace-level soil dust exposures from high 
biodiversity soil, low biodiversity soil, or no soil (hereafter referred to as high, low and 
control). Mice were housed in open wire-top cages, with each cage residing in a single 
environmental enclosure. After a 7 week exposure, changes to gut microbiota were 
characterised by bacterial 16S rRNA gene sequences and aspects of anxiety-like behaviour 
were assessed using Open Field and Elevated Plus Maze apparatus [31]. 
 
2. Methods 
(a) Study design 
We subjected 54 weaned, inbred 3-5 week old specific-pathogen-free BALB/C mice to a 7-
week exposure of trace-level airborne dust from soils that reflected both a macro- and micro-
biodiversity gradient. Same-sex groups of three mice were housed in open wire-top cages, 
with each cage residing in a larger individually-isolated environmental treatment enclosure 
(electronic supplementary material, figure S1 and S2). Each soil biodiversity treatment (i.e. 
high, low, control) was replicated in 6 enclosures, comprising 3 all-female and 3 all-male 
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enclosures. Low soils came from a low plant macro-diversity setting (electronic 
supplementary material, figure S3 and S4) and had low microbial diversity (figure 1). 
Likewise, high soils came from a high plant macro-diversity setting and had high microbial 
diversity. Source soils were homogenised and 1.75 kg was spread over a shallow tray in each 
soil treatment enclosure. We chose a no-soil control to mimic regularly sanitised built 
environments. Ten cm diameter USB fans adjacent to the trays were used on a 2-hr on/2-hr 
off cycle to generate the light dust exposures. To focus on the potential influence of airborne 
microbes (or aerobiology), we controlled for known microbiota effects including genetics, 
birth mode, breeding facility, diet, age, light and sleep cycles, and non-treatment 
environmental parameters. Littermates were randomised across treatments to help normalise 
the starting microbiotas (electronic supplementary material, figure S5). Possible gender 
effects were unknown, so we included an equal number of female and male mice across all 
treatments. 
 
(b) Data collection 
Soil, air (dust), faecal and caecal samples were taken to assess microbiota changes over the 7-
week study (electronic supplementary material, figure S6). Microbiota samples were assessed 
using bacterial 16S rRNA (V3-V4) marker gene survey data, clustered into operational 
taxonomic units (OTUs) with  97% sequence similarity. Anxiety-like behaviour was 
assessed by analysing time spent in the anxiety-provoking zones of the Open Field and 
Elevated Plus Maze apparatus. We considered the centre zone in the Open Field, and the 
centre and open arms in the Elevated Plus Maze, as the anxiety-provoking zones. Details of 
the enclosure design, mice strain and husbandry, sampling procedures, DNA extraction, PCR 
and sequencing are provided in electronic supplementary material, Supplementary Methods. 
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(c) Bioinformatic and statistical analyses 
The processing of 16S rRNA gene sequences, formation of OTUs, taxonomic assignments, 
data exclusions and decontamination are described in electronic supplementary material, 
Supplementary Methods. Microbiota compositions (beta diversity) were visualised using non-
metric multidimensional scaling (NMDS) ordination of Bray-Curtis distances based on 
rarefied OTU abundances. To test for compositional differences between microbiota sample 
groups we used permutational multivariate analysis of variance (PERMANOVA), followed 
by testing for homogeneity of group dispersions. We estimated OTU alpha diversity based on 
rarefied abundances and used the exponential transform of Shannon Index values to derive the 
effective number of OTUs [32]. Merged-sample bootstrap resampling [33] was also used to 
visualise alpha diversity across related samples. We used the Kruskal-Wallis rank sum test 
(no. groups  3) or the Wilcoxon rank sum test (no. groups = 2) for testing of statistical 
differences between groups for microbiome and behaviour data. All such tests excluded 
outliers, identified as any data points beyond 1.5 times the interquartile range above the upper 
quartile or below the lower quartile, as defined in the default R boxplot() function in base R 
[34]. We assessed differentially abundant OTUs between week 0 and week 7 faecal samples 
within each treatment using the DESeq2 algorithm [35], which applies the Benjamini-
Hochberg method to control false discoveries. OTUs that were identified as increasing within 
each treatment were assigned to a putative species based on the closest match in the NCBI 
16S database. Heatmaps were used to visualise the relative enrichment of increasing OTUs 
within treatments, and to visualise microbiota variance across the ‘1/3 most anxious’ and ‘1/3 
least anxious’ groupings of female mice based on the bottom third and top third of Open Field 
centre time results. Further details are provided in the electronic supplementary material, 
Supplementary Methods. 
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3. Results 
(a) Biodiverse soil dust exposure modulates gut microbiota 
The environmental treatments influenced the composition of mice gut microbiota (figure 2), 
despite very low soil dust exposures (~0.0034 g soil.mouse-1.week-1; electronic supplementary 
material, figure S7); several thousand times less than previous studies. Treatment soil and air 
samples displayed distinct bacterial signatures (figure 1; electronic supplementary material, 
figure S8a,b). The treatments explained 5.5% and 4.2% of the variation in week 7 faecal and 
caecal microbiota respectively (figure 2). As expected, we found large cage/enclosure effects 
on gut microbiota, explaining 55% and 58% of variation in week 7 faecal and caecal 
microbiota respectively (figure 2). Here, cage and enclosure represent the same level of co-
housing. Mouse gender did not help explain the composition of week 7 faecal or caecal 
microbiota and was removed from PERMANOVA models. We found that all high females 
showed an increase ( > 0) in faecal alpha diversity within individual animals between week 
0 to week 7, in contrast to control and low females (electronic supplementary material, figure 
S9). Also, there was a rising pattern in week 7 faecal alpha diversity towards the high females 
that bordered on significance (Kruskal-Wallis χ2 = 5.58, df = 2, P = 0.06, n = 8 to 9 per group; 
electronic supplementary material, figure S10). No trend was found in caecal alpha diversity 
(electronic supplementary material, figure S11). 
 
(b) High biodiversity exposure reduced anxiety-like behaviour in females 
We observed reduced anxiety-like behaviour in females only with the higher biodiversity 
treatments, as assessed by time spent in the centre of the Open Field (Kruskal-Wallis χ2 = 
8.08, df = 2, P = 0.018, n = 7 to 9 per group; figure 3). In a different assessment of anxiety-
related behaviour in the Elevated Plus Maze, we found no overall trend by gender or 
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treatment (electronic supplementary material, figure S12). Total distances travelled and 
counts of entries into anxiety-provoking zones showed no trend by gender or treatment 
(electronic supplementary material, figure S13 and S14), indicating that the Open Field 
reduced anxiety-like behavioural response in females to our high biodiversity treatment was 
not due to underlying differences in activity levels. 
 
(c) Anxiety-like behaviour associated with gut microbiota 
We found a connection between anxiety-like behaviour and faecal microbiota at the microbial 
community level. We compared females with the top third of Open Field centre times (‘1/3 
least anxious’) to the bottom third (‘1/3 most anxious’), and found their week 7 faecal 
microbiota were different (figure 4a). Then using the log relative abundance of week 7 faecal 
OTUs across these individuals to drive a clustering process, we saw three microbiota-
behaviour groupings emerge: (i) a predominantly less anxious-high treatment grouping, (ii) an 
anxious-control dominated grouping, and (iii) a mixed behaviour-control and low grouping 
(figure 4b). No such differentiation in microbial community compositions by the anxiety 
groupings was observed in the caecal samples. 
 
(d) Putative butyrate-producing environmental bacteria increased most in high 
biodiversity mice 
We found evidence supporting a microbial link between airborne exposure to high 
biodiversity soils, subsequent changes to gut microbiota and reductions in anxiety-like 
behaviour, via soil-derived butyrate-producing bacteria. We identified the differentially 
abundant taxa between week 0 and week 7 faecal microbiota separately within each treatment 
(electronic supplementary material, figure S15 and S16, Tables S1–S3). Among many 
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recognised intestinal bacteria, we found an environmentally-derived, putative butyrate-
producer, OTU 37, in high biodiversity soils and in corresponding air, faecal and caecal 
samples, which showed increasing relative abundance and prevalence among high faecal 
samples between week 0 and week 7 (electronic supplementary material, Table S3); the 
treatment that produced less anxious female mice. This OTU shared 97% sequence similarity 
to the closest match in the NCBI 16S database, identified as the spore-forming, anaerobic, 
butyrate-producing environmental bacteria Kineothrix alysoides [36]. Three other taxa (OTU 
60, OTU 5520, OTU 5790), with 95-96% identity to the closest NCBI match of K. alysoides, 
also exhibited similar increasing relative abundance and prevalence within high faecal 
samples.  
Additional taxa with the closest NCBI match to the soil-inhabiting environmental 
microbe K. alysoides were also present, and increased to a lesser degree in control and low 
faecal samples (electronic supplementary material, Tables S1 and S2). However, the strongest 
increase of this putative species was found in the high treatment, where they were largely 
detected at higher mean % OTU relative abundance (compared to low or control samples) and 
more often than not in 100% of post-exposure animals (figure 5). 
 
(e) Putative butyrate-producing environmental bacteria may moderate the most anxious 
behaviour in female mice 
We examined associations between anxiety-like behaviour in the female mice and the total % 
OTU relative abundance (in week 7 faecal and caecal samples) of all K. alysoides-like OTUs 
that increased in faecal samples during the experiment. From the caecal samples, we found 
strong positive correlations (e.g., r = 0.90, for n = 2 mice per treatment; r = 0.76 for n = 4 
mice per treatment; figure 6) between the total % OTU relative abundance of K. alysoides-like 
OTUs and Open Field centre times for the most anxious mice across the treatments. Similarly, 
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a moderate correlation (r = 0.58, n = 9) was observed for the ‘1/3 most anxious’ females as 
described in figure 4. Weaker correlations were observed as more animals, or less anxious 
animals, were considered, i.e., as the focus moved away from animals with the most anxious 
behaviours (figure 6). No such relationships were observed for this taxon of interest in the 
week 7 faecal samples. 
 
4. Discussion 
Our results provide evidence for a plausible biological link between exposure to trace-levels 
of natural biodiversity, gut health and mental health, via soil-derived butyrate-producing 
bacteria. This result is consistent with the large number of human health benefits, particularly 
to mental health, associated with nature contact (e.g., [11-16]). We suggest that such a 
beneficial biological linkage may be provided by airborne soil-derived butyrate-producing 
bacteria in combination with a naturally-diverse environmental microbial community. 
Butyrate is a short-chain fatty acid that is essential to gut health [37] and linked to 
immunological homeostasis [38], protection from metabolic diseases [39], and improved 
quality of life and reduced depression [40]. There are multiple pathways to butyrate 
production [41], so an array of supporting microbes is likely to be important. Indeed, having 
greater diversity of butyrate-producing bacteria may support functional stability through life 
disturbances, such as periods of antibiotic treatment and disease [41]. Butyrate is also a key 
intermediate in the breakdown of organic matter in anaerobic soils [42]. Anaerobic conditions 
can impact well-drained soils to some extent, particularly under conditions of high moisture 
and organic (oxygen-consuming) content [43]. We might expect natural spaces with high 
aboveground diversity to associate with increased soil bacterial diversity [44, 45] and 
increased soil organic matter [46]. Also, soil-associated microbes represent a large component 
of the aerobiology derived from environments [47]. Therefore, it is plausible that normal 
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passive exposures to biodiverse, natural environments may often involve contact with diverse 
airborne soil microbiota including butyrate-producers. Such contact might be enhanced 
through active interactions, such as environmental volunteering (e.g., planting, weeding) or 
working in biodiverse, organic-rich gardens or farms. 
Spore-forming bacteria (such as K. alysoides) can persist and be transported in aerobic 
environments and then activate under anaerobic conditions. Spore-formers also dominate the 
human gut, comprising 50-60% of bacterial genera [48], and their capacity to survive in 
aerobic external environments allows them to be shared widely [49]. Some spore-forming 
bacteria might be capable of performing key roles across different habitats, such as 
interchangeably within soils and within the mammalian gut. In our study, we showed that the 
K. alysoides-like OTUs increased to varying degrees in the faecal samples from all 
treatments, suggesting that gut microbiota may have an affinity for these nominally soil-
associated organisms. We know that poor diets can induce individual and intergenerational 
loss of key gut microbiota [50], with flow-on impacts to health. Our results suggest there may 
be an opportunity to supply key bacteria, such as butyrate-producers, from exposure to natural 
biodiversity. 
The microbiota-behaviour relationships we observed suggest that contact with 
biodiverse environmental microbiota including butyrate-producers may play a role in 
protecting mental health, particularly in female mice that are most susceptible to anxiety-like 
behaviour. Gender differences in anxiety-related behaviour in BALB/C mice are not reported 
elsewhere [51, 52], so the Open Field reduced anxiety-like behavioural response within 
females to our high biodiversity treatment is novel and intriguing. This is a particularly 
interesting result given the consistent large-scale epidemiological evidence for higher 
prevalence rates of anxiety disorders in women compared to men [53], and points to 
opportunities for nature-based public health interventions. 
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Our results add to known links between gut microbiota, brain function and 
behavioural outcomes [7]. For example, early life exposure to normal gut microbiota has been 
shown to affect brain development and behaviour [54]. Particular gut microbiome profiles 
have been linked to autism spectrum disorder-like behaviours in mice [55]. Also, certain 
probiotic bacteria have been shown to reduce anxiety in mice [56]. Our study contrasts with 
previous work (e.g. [54]) where sterile germ-free mice displayed reduced anxiety compared to 
specific-pathogen-free mice with normal gut microbiota. Here, we started with specific-
pathogen-free mice and found reduced anxiety (in females) following exposure to naturally-
diverse environmental microbiota. We used a specific-pathogen-free mouse model to avoid 
the artificially stunted host microbiome of sterile (e.g., germ-free) animals, while providing 
greater control over known key microbiome-influencing factors than is possible in human 
studies. 
Our study also has some limitations. The biodiversity treatment explained a relatively 
low percentage of variation in the gut microbiota. However, rare taxa can play important 
ecological roles [57], and our results will help to build knowledge towards the construction of 
environmental dose-health outcome response relationships. We observed a large influence on 
gut microbiota from our cohousing variable of cages/enclosures. This result reflects existing 
knowledge that cage effects are a known major influence on gut microbiota in mice studies 
[58]. It was beyond the scope of our study to examine causal mechanisms that may underpin 
the gender differences observed in the Open Field behaviour test results. Our Elevated Plus 
Maze and Open Field results did not align, however these apparatus often display discordant 
results and may encompass multiple dimensions of anxiety-related behaviour [31]. We only 
analysed bacterial microbiomes in this study, however, other agents (e.g., fungi, viruses, 
volatile organic compounds) may have a modulating influence on the gut microbiome and 
host health. Also, spore-forming environmental taxa have historically been underrepresented 
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in culture-independent studies due to greater resistance to universal DNA extraction 
techniques [59], and the generally low OTU relative abundances for the putative K. alysoides 
found here may reflect this limitation. We observed patterns of interest in both faecal and 
caecal samples. For example, microbiota composition and OTU alpha diversity patterns 
emerged in faecal samples, while correlations between anxiety-like behaviour and K. 
alysoides were apparent in caecal samples. We speculate that varying chemistry, redox and 
other conditions in faecal vs. caecal samples [60] may contribute to the observed differences 
in results for community-level vs. key taxa analyses. 
Overall, our findings support the notion that microbiota-mediated health benefits from 
biodiverse nature contact may arise from a microbial community influence in which a range 
of beneficial and complementary microbes may be present. We note that more biodiverse 
microbiota offer a greater variety of organisms that may support: ecological control of 
potential pathogens, resilience to microbiota disturbances, immune priming, and key 
functional pathways such as butyrate production. We have shown links between exposure to 
the aerobiology from biodiverse green spaces (via soil microbiota) and changes to gut 
microbiota and anxiety-related behaviour in mice, with a resulting increase in gut microbiota 
of putative spore-forming soil-derived butyrate-producing bacteria. Such butyrate-producing 
bacteria provide a plausible explanation for the reduced anxiety-like behaviour observed here, 
and may help explain beneficial biodiverse green space-human health and mental health 
associations seen elsewhere. 
 
 
Data availability. All data and code used in this study are available on figshare at 
http://doi.org/10.25909/5caaf18c3450d. All 16S rRNA gene sequences have been deposited in 
the European Nucleotide Archive (accession no. PRJEB31983). 
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Note (to be deleted): For review purposes, the supporting data and code can be reviewed at: 
https://adelaide.figshare.com/s/cef9e2e25c17aa7daf19 . Sequence data in the ENA study 
accession no. PRJEB31983 will be made freely available with the publication of the study. 
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Figure 1. Characteristics of the soil and air bacteria exposures. (a) NMDS visualisation of 
microbiota in treatment soils from week 1, week 7, and source soils (cleared vs. remnant). 
Rarefied OTU abundance data (sequence depth 12524) show different compositional 
centroids by treatment (PERMANOVA df = 1, F = 75.4, R2 = 0.545, P = 0.001, n = 32 and 33 
per group). Beta dispersions of treatment groups are comparable (df = 1, F = 0.072, P = 0.78). 
(b) Alpha diversity of soil bacteria, showing individual subsamples (points) and overall 
diversity density distributions. High soils have higher alpha diversity than low soils at source 
(Wilcoxon W = 6, P = 0.0047, n = 8 per group), week 1 (Wilcoxon W = 120, P < 0.001, n = 
10 and 12 per group) and week 7 (Wilcoxon W = 144, P < 0.001, n = 12 per group). (c) 
NMDS visualisation of low biomass air (dust) and fresh bedding microbiota, labelled by week 
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of collection. Rarefied OTU abundance data (sequence depth 839) showed different 
compositional centroids by treatment (PERMANOVA df = 2, F = 7.21, R2 = 0.162, P = 0.001, 
n = 24 per group) and time (df = 1, F = 6.84, R2 = 0.077, P = 0.001, n = 36 per group), 
although beta dispersions of treatment groups were different (df = 2, F = 47.5, P = 0.001). 
Final air samples came from week 6. Fresh bedding was excluded from testing of 
compositional differences (N/A = not applicable). (d) Alpha diversity of air microbiota 
samples, showing subsamples (points) and overall diversity density distributions. Week 1 low 
and high air samples are more diverse than controls (Kruskal-Wallis χ2 = 20.6, df = 2, P < 
0.001, n = 10 to 12 per group), however diversity is comparable by week 6 (Kruskal-Wallis χ2 
= 0.5, df = 2, P = 0.78, n = 11 to 12 per group). Alpha diversity density distributions are 
estimated from merged-sample bootstrap resampling (B = 100; electronic supplementary 
material, Supplementary Methods). 
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Figure 2. Changes in mouse gut microbiota. Plots show individual mouse gut microbiota 
and linked cagemates, superimposed with treatment-based centroids (large circles) and two-
dimensional NMDS-dissimilarity standard errors. (a) The treatment centroids were not 
significantly different in week 0 faecal samples (PERMANOVA df = 2, F = 1.50, R2 = 0.034, 
P = 0.072, n = 18 per group), but showed significant separation in (b) week 7 faecal and (c) 
caecal samples. Mice faecal bacteria in week 0 associated with litters (electronic 
supplementary material, figure S5). Week 7 faecal bacteria associated with enclosure/cage 
(PERMANOVA df = 15, F = 3.28, R2 = 0.552, P = 0.001, n = 2 to 3 per group) and treatment 
(df =2, F = 2.43, R2 = 0.055, P = 0.018, n = 17 to 18 per group), with similar beta 
distributions across treatments (df = 2, F = 0.42, P = 0.66). Similarly, caecal bacteria 
associated with enclosure/cage (PERMANOVA df = 15, F = 3.63, R2 = 0.583, P = 0.001, n = 
2 to 3 per group) and treatment (df = 2, F = 1.96, R2 = 0.042, P = 0.027, n = 17 to 18 per 
group), with similar beta distributions across treatments (df = 2, F = 1.97, P = 0.14). NMDS 
visualisations are based on rarefied OTU abundances with respective sequence depths: faecal 
week 0 = 11450, faecal week 7 = 14195, caecal = 14632. 
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Figure 3. Post-treatment Open Field behaviour test results. Boxplots (with outliers in 
black) indicate that treatments involving higher soil biodiversity exposure associated with 
reduced anxiety-like behaviour in females only, in the form of increasing time spent in the 
centre of the Open Field apparatus. Groups not sharing a letter were significantly different. 
No trend was observed in males. 
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Figure 4. Faecal microbiota and anxiety-like behaviour. (a) NMDS visualisation of week 7 
female mice faecal microbiota showing individuals in the top third (1/3 least anxious) and 
lower third (1/3 most anxious) of results for time spent in the centre of the Open Field. 
Rarefied OTU abundance data (sequence depth 17606) showed different compositional 
centroids accounting for anxiety group (PERMANOVA df = 1, F = 3.38, R2 = 0.137, P = 
0.017, n = 8 and 9 per group) and enclosure/cage (df = 7, F = 1.89, R2 = 0.538, P = 0.018, n = 
1 to 3 per group). Beta dispersions of the anxiety groups were comparable (df = 1, F = 0.516, 
P = 0.49). (b) Clustering of OTUs in the same microbiota samples (in a) by their log relative 
abundance yielded three microbiota-behaviour groupings, as described in the text.
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Figure 5. High biodiversity treatment animals showed the greatest post-exposure 
expression of putative butyrate-producing K. alysoides-like OTUs. The plot considers all 
K. alysoides-like OTUs (in week 7 faecal and caecal samples) that significantly increased 
during the experiment (i.e. between week 0 and week 7 faecal samples). High biodiversity 
samples dominate the top-right portion of the plot, indicating high mean % OTU relative 
abundance and high percent prevalence in post-exposure animals. 
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Figure 6. Putative butyrate-producing K. alysoides appears to moderate the most 
anxious behaviour in female mice. Plots show total % OTU relative abundance within 
caecal samples of all K. alysoides-like OTUs that increase during the experiment (x-axes) 
versus Open Field centre times (y-axes), considering: (a) the ‘x’ most anxious female mice 
from each treatment, and (b) the third most anxious and third least anxious groups based on 
Open Field centre times (as per figure 4). Pearson correlation coefficients (r) are noted. 
Shading indicates the 95% confidence intervals for each linear regression. 
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Chapter 6. Discussion, conclusions, and recommendations 
Outline of work 
This thesis aimed to build evidence and knowledge of potential beneficial relationships 
between biodiversity, environmental microbiomes and human health—because knowledge of 
such relationships has the potential to drive cost-effective improvements to population health 
outcomes, as well as biodiversity benefits, if we can modify or manage the environment 
accordingly. 
In order to achieve this, I sought evidence of associations, with plausible microbiota-
mediated links, through a series of environmental exposure-health outcome studies. Also, I 
sought to characterise and understand relationships between environments and their 
microbiomes spanning a gradient of restoration—from disturbed to natural—to help 
understand potential changes in microbiota and implications for human health. 
As proposed in my literature review (Chapter 1), my early studies used environmental 
proxies for microbial diversity to test support for the notion of beneficial biodiverse 
microbiome-health associations within existing Australian national environmental and public 
health datasets. Specifically, I first examined relationships between respiratory health hospital 
admissions across Australia and various social and environmental variables, including 
measures of landscape biodiversity (Chapter 2). Here, I found high biodiversity environments 
associate with positive respiratory health outcomes. Next, I examined relationships between 
infectious and parasitic disease risk in regional Australia and social and environmental 
variables, including mapping for soil cation exchange capacity; which I showed to provide a 
useful proxy indicator for potential immunomodulatory soil microbial diversity (Chapter 3). I 
found improved health outcomes in areas with higher cation exchange capacity soils. 
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These positive findings support my Chapter 1 hypothesis, suggesting that 
environmental proxies can be used to explore and inform the biodiversity hypothesis for 
protective microbial-human contact. Indeed, the findings from these two environmental 
epidemiology studies (Chapters 2 and 3) provided direction for subsequent work, and led to 
progressively more detailed, microbiome-focussed investigations to move closer to examining 
a causative mechanism. In Chapter 4, I therefore examined relationships between 
aboveground biodiversity and soil microbial communities, to build understanding of how 
environmental condition (i.e. cleared land /disturbed soil through to restored and remnant 
native vegetation) can influence respective environmental microbiomes, and also, potentially, 
human health. These studies pointed to the notion that aboveground biodiversity associates 
with biodiverse soils, which may influence host microbiota and provide health benefits in 
exposed individuals.  
Therefore, finally, in Chapter 5 I sought to test these ideas experimentally in a mouse 
model. Leading a research team, I established a randomised controlled experiment testing 
different airborne microbial exposures from no soil, low biodiversity soil, and high 
biodiversity soil. We measured changes in mouse gut microbiota, transfer of microbes from 
soils, through the air, and into the gut, and also measured anxiety-like behavioural outcomes. 
My findings from this study supported the notion of both key species and microbial diversity 
combining to provide a beneficial microbiota-mediated health influence, as I initially 
proposed in Chapter 1 (Figure 2). 
 
Discussion 
The Australian continent-wide environmental epidemiology studies in Chapter 2 and Chapter 
3 found that proxy measures of biodiversity and soil microbial diversity associated with 
reductions in a range of non-communicable and communicable diseases. While the number of 
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green space-human health correlational studies continues to grow in the scientific literature, in 
Chapter 2 I demonstrated that the ‘quality of the green space’ matters. Specifically, I found 
that the diversity of vegetation ranked among known beneficial health correlates, such as 
socioeconomic status, and by far outperformed other landscape measures based on greenness 
alone. 
In Chapter 3, based on knowledge that aboveground biodiversity, soil organic matter, 
and soil microbial diversity are often associated (Chen et al., 2018; DelgadoBaquerizo et 
al., 2018; Coleman et al., 2004), I examined the explanatory value of candidate soil variables 
when comparing infectious and parasitic disease risk across groupings of socioeconomic and 
environmental classes, and in a probabilistic machine-learning predictive modelling 
framework. In these analyses I found a special role for soils in accounting for variation in the 
health outcomes. Areas with typically higher microbial diversity soils (indicated by high soil 
cation exchange capacity) were associated with reduced risk of infectious and parasitic 
disease. Also, including soils in the disease risk modelling boosted prediction performance by 
7.5% (Δ r2=0.075; 95% confidence interval: 0.05, 0.10) in unseen areas (i.e. not used in model 
building). 
In Chapter 4, I discovered that opportunistic (e.g. fast-growing, generalist) bacteria, 
including genera containing noteworthy potential pathogens in humans, were favoured in 
disturbed soils. Presumably these organisms perform better in soil conditions that provide 
simpler and less reliable microbial habitat and feedstocks. However, the opportunists were 
displaced with the restoration of more mature, biodiverse aboveground vegetation. This 
change is likely due to the increased complexity and stability of microbial habitats and 
feedstocks, as we observed a corresponding increase in more slow-growing, specialist niche-
adapted taxa. Remarkably, I found that the trending bacteria identified from one localized 
restoration study site in the Adelaide Hills, South Australia, displayed generalizable trends 
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between soil samples from ‘disturbed’ (e.g. cleared or low biodiversity land) and ‘natural’ 
(e.g. under native vegetation) sites across Australia generally. 
In the mouse model study of Chapter 5, to our knowledge, we provided the first 
evidence supporting a potentially broadly-applicable beneficial microbial linkage between 
natural biodiversity, gut health and mental health, via airborne soil-derived butyrate-
producing bacteria. These bacteria increased in the faecal samples of the high biodiversity 
treatment mice; they were found in respective soil, air and gut samples; and they appeared to 
moderate the most anxious behaviour in female mice. This result suggests aerobiome 
(airborne microbiome) exposure alone can provide a health benefit, a critical finding to link 
this work to human health outcomes—since a majority of city populations will receive the 
majority of their environmental microbiome exposure via this pathway. 
 
Towards understanding of what is a ‘healthy environmental microbiome’ 
These studies offer new perspectives on the contentious question of what constitutes a healthy 
environmental microbiome? Based on my research, I suggest as a starting point that a healthy 
environmental microbiome brings together the protective qualities of microbial diversity and 
key species (Old Friends), and is capable of offering additional benefits beyond the mere sum 
of its parts. 
It is already recognised that increased microbial diversity may have a health-
protecting role due to greater capacity for ecological controls on potential opportunistic 
pathogens (e.g. via competition, predation, diluting quorum sensing signals); and also 
providing greater scope for immune system education and training (Rook, 2013; van Elsas et 
al., 2012; von Hertzen et al., 2011). Key species, or Old Friends, are also recognised as being 
supplied from natural systems such as soil; however examples are limited (e.g. Reber et al., 
Chapter 6. Discussion, conclusions and recommendations 
 
 
Healthy environmental microbiomes | C.A. Liddicoat  221 
2016) and potential applications for environmental management to deliver cost-effective 
public health gains are unclear. 
My research suggests that restoring mature, biodiverse (e.g. towards naturally 
adapted) plant-soil systems can not only boost microbial diversity (e.g. as measured under 
ecological restoration at Mt Bold) but also provide additional benefits in the form of: (i) 
displacing opportunistic and potential pathogenic bacteria with slower growing, specialist 
niche-adapted taxa; and (ii) enhancing the supply and exposure to beneficial key species, in 
particular organisms closely resembling the butyrate-producer Kineothrix alysoides (Haas and 
Blanchard, 2017). Kineothrix alysoides is an anaerobic spore-former that appears to have an 
affinity with both biodiverse, organic-rich soils and the mammalian gut, and deserves further 
investigation as a candidate Old Friend. Being an anaerobic spore-former, this bacterium is 
capable of surviving and dispersing in a dormant state in the environment, and has the 
capacity to reactivate under anaerobic conditions. Meanwhile, the same naturally-diverse 
microbial community is likely to supply additional as-yet-unrecognised members involved in 
supporting complex butyrate production pathways (Vital et al., 2017). When these butyrate 
producers colonise the mammalian gut (as we observed most in the high biodiversity 
treatment in our mouse model) they may ultimately provide broad health benefits through 
supporting gut health and via the gut-brain-microbiome axis (Sanna et al., 2019; Valles-
Colomer et al., 2019; Furusawa et al., 2013; Nicholson et al., 2012). In particular, my 
research suggests that soil-associated components of the microbiome, and aerobiome, from 
biodiverse environments can provide an important link to human health. It is possible that this 
mechanism may help explain many of the beneficial biodiverse green space-human health and 
mental health associations seen elsewhere. 
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New scientific methods developed 
In order to examine a number of hypotheses it was necessary to develop new methods and 
apparatus, either due to: a lack of suitable available options, adaptations to data limitations, 
and to maximise value from available data. In particular, I developed: 
 A method for probabilistic randomised pseudo-individual level sampling to build 
multi-level machine-learning disease risk models (Chapter 3). This technique 
provided a means to explore the explanatory value of fine-resolution environmental 
data (e.g. soil quality) in predicting coarser area-level health outcome data. 
 A method for merged-sample bootstrap resampling (Chapter 4) to provide deeper 
analyses of microbiome data. The technique provides normalization for sampling 
effort while preserving microbiome data (in contrast to conventional rarefying), and 
provides a means to measure the characteristics and uncertainty associated with site-
level (multiple subsample) data. 
 A method using bacterial indicator groups to compare different sites based on an 
established reference frame (e.g. grading from ‘disturbed’ to ‘natural’ condition). This 
technique may have application in comparing and evaluating soil- and ecosystem-
condition in sites elsewhere (Chapter 4). 
 Environmental microbiome exposure enclosures to provide aerobiome treatments (via 
light soil dust) while controlling other key influences on the microbiome. These 
enclosures aimed to model the influence of spending time in different types of 
environments—reflecting a potential primary pathway for varying microbiome 
exposures—from artificial sanitised surroundings (i.e. no soil dust) to biodiverse green 
space (i.e. high biodiversity soil dust). 
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Limitations 
These studies contained important limitations. The environmental epidemiology studies were 
cross-sectional and based on area-level and aggregated disease class data. Aggregated health 
response data represents a limitation in terms of loss of specificity to link environmental 
influence with any particular disease. However, using such data may offer greater sensitivity 
to detect possible broad environmental influences on the underlying immune fitness in the 
population. In Chapter 3 especially we aimed to moderate the limitations of area-level 
response data through modelling based on probabilistic pseudo-individual-level sampling of 
environmental exposures.  
Our studies involving microbiome data (Chapters 3 to 5) could be improved on by 
including data on actual biomass of microbiota. Also, amplicon-based OTU abundance data 
are subject to taxon-specific biases (e.g. during DNA extraction and polymerase chain 
reaction amplification of DNA). Despite these recognised limitations, we applied appropriate 
analytic techniques, and found coherent patterns across a range of samples and ecosystems, 
including meaningful potential implications for human health. We acknowledge that 
microbiome data analytic methods represent an area of active research and development. 
Finally, for Chapter 5, we do not expect our mouse model study to exactly reflect 
human physiological responses to environmental exposures, as is the case with any animal 
model study. However, mice do offer a widely accepted model system (Laukens et al., 2016) 
and the capability to control for key variables influencing the microbiome (e.g. genetics, diet, 
etc.), which was critical in our study of the influence of naturally-diverse airborne 
environmental microbiota. 
I minimised the potential effect of these limitations by moving from associative 
studies to experimental studies, and found reinforcement of my conclusions at each stage. 
Given that the limitations differ by study and that the studies all support the same notion of a 
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health benefit from biodiversity and biodiverse soil exposure, I am confident that the 
conclusions hold despite these limitations. 
 
Significance 
The implications of this research are considerable, with potential applications in delivering 
cost-effective public health interventions and potentially in clinical medicine. A significant 
proportion of the human disease burden could potentially be saved either by supplementing 
individuals with specific combinations of microbes (e.g. including natural butyrate-
producers), or by increasing the exposure of populations to biodiversity through the inclusion 
of well-designed, microbiome-conscious green space in urban planning. Also, my studies 
suggest that establishing more mature, biodiverse environments may suppress soil-derived 
airborne pathogens. My research has applications in both environmental management and 
public health policy due to the potential for health benefits and pathogen suppression to 
follow from the inclusion of biodiverse environments in urban planning. There is potential for 
activities such as environmental volunteering, gardening, and other activities involving low-
level soil exposure to be prescribed by health professionals for beneficial microbial 
exposures, provided that policy makes access to such activities feasible for all. Further 
research is warranted to understand exposure-dose-response relationships for the key 
microbial mechanism discussed in Chapter 5. Also, my findings suggest that areas of long-
term disturbed and degraded soils should be minimised in urban environments to minimise 
public health risks from opportunistic bacteria. 
The new techniques I have developed will have applications in enhancing microbiome 
analyses (via merged-sample bootstrap resampling) and help inform new DNA-based 
methods for assessing soil and ecosystem condition (using bacterial indicator groups). The 
original findings and methodological development both provide original contributions to a 
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rapidly growing field. Importantly, they both contribute at the intersection between 
environmental and clinical microbiome studies—arguably an understudied but important area 
for contributing to: a burgeoning environmental-biomedical prospecting sector; and the design 
of new cost-effective population health interventions with simultaneous promotion of 
biodiversity conservation and restoration. 
 
Future work 
Further research questions and recommendations have arisen from my work. My 
research suggests a special role for K. alysoides, and I believe this species warrants further 
investigation as a candidate Old Friend. Additionally, many bacterial taxa were identified to 
trend with ecological restoration (Chapter 4), and the potential immunomodulatory value of 
these taxa should be examined.  
A further question is whether natural butyrate-producers are commonly found across a 
range of soils? I suggest that various types of biodiverse and non-biodiverse green space (e.g. 
natural areas, restored/revegetated areas, urban gardens, production agriculture) should be 
examined. Also, knowledge of environmental microbiome exposure-dose-health response 
relationships is still lacking. More thought is required on how this might be examined in a 
structured way that is relevant to environmental management for public health benefits. 
I recommend that further research examines whether universal DNA extraction 
techniques should be supplemented with specialist techniques designed for lysis-resistant 
spores. This may address the apparent under-representation of suggested key spore-forming 
bacteria such as K. alysoides. 
Results from the mouse model study pointed to the expression of key species 
relationships in the more redox-constrained conditions of the caecum, whereas treatment-
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related patterns in microbial community and diversity emerged in faecal samples. These 
results may have implications for other studies investigating key species vs. microbiota 
composition, and should be investigated in further detail. If these patterns are consistent (e.g. 
faecal samples are more likely to display community profile effects vs. caecal samples are 
more likely to show key species effects) such information may benefit future research study 
design. 
Also, from the mouse study, the behavioural response to our high biodiversity 
treatment was observed only in female mice. This was an intriguing result that warrants 
further investigation. 
Lastly, a key knowledge gap that warrants investigation occurs at the intersection of 
environmental, health, and economics—to determine the cost-effectiveness of establishing 
microbiome-conscious urban green space interventions to help decrease the disease burden. 
As a hypothetical example, would investing $1 to establish biodiverse vegetation and soils in 
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